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Abstract—In the paper, the nonlinear model of a microwave
transistor is extracted from large-signal measurements acquired
under “dynamic-bias” operation. Specifically, the transistor is
driven by low-frequency large signals while a high-frequency
tickle is applied on top of them. The low-frequency large signals,
along with the dc bias voltages, set the large-signal operating point
which represents a dynamic-bias condition for the device under
test. Thanks to this technique, one can get at once and separately
the nonlinear currents and charges of the transistor as a result of
a very few nonlinear measurements. Additionally, the proposed
technique allows one to accurately reconstruct the time-domain
waveforms at the device-under-test terminals while the frequency
of the tickle can be set as high as the bandwidth of today’s vector
calibrated nonlinear measurement systems (i.e., 67 GHz). The
approach, which is general and independent of device technology,
is applied on a 0.15- m GaAs pHEMT specifically designed for
resistive cold-FET mixer applications.
Index Terms—Dynamic-bias, field-effect transistors (FETs),
nonlinear measurements, nonlinear models, semiconductor device
measurements.
I. INTRODUCTION
T YPICALLY, models of microwave transistors are de-scribed in terms of nonlinear conductive current and
charge along with parasitic elements accounting for the device
layout, as shown in Fig. 1. The values of the transistor non-
linear conductive currents and charges can
be derived directly from measurements and either stored in
lookup tables (LUTs) or represented by analytical expressions
[1]–[8]. Many approaches rely on the use of dc and small-signal
measurements, as shown, for example, in [3] and [6]. These
measurements already provide a lot of information about the
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Fig. 1. Nonlinear model of a field-effect transistor (FET).
transistor currents and charges. Along with these measure-
ments, in the last decades, nonlinear measurements have also
entered the modeling phase [9], [10]. These measurements can
be acquired with a large-signal network analyzer (LSNA) or
a nonlinear vector network analyzer (NVNA) which enable
vector calibrated nonlinear measurements. Therefore, one can
acquire the actual time-domain waveforms at the transistor
terminals and use them to extract the values of the currents and
the charges. LSNAs and NVNAs are today available ranging
from few kilohertz up to 67 GHz [11]–[13] and since many
years have been heavily used for transistor nonlinear model
extraction. In [7], LSNA measurements at low frequencies
(LF) are used to extract the transistor conductive currents, in-
cluding dispersive effects under nonlinear dynamic operation.
In [1], [2], [5], [8], time-domain waveforms in the microwave
range are used to extract both the conductive currents and the
charges. Other approaches [14]–[16] make use of the LSNA or
NVNA frequency-domain data to identify behavioral models.
Obviously, approaches which rely directly on time-domain
data require that the time-domain waveforms generated by
a nonlinear device should be accurately measured implying
the acquisition of a sufficient number of harmonic frequen-
cies. Today’s NVNA instruments enable measurements up
to 67 GHz. Therefore, if one wants to acquire time-domain
waveforms including at least three harmonics with a 67-GHz
NVNA, the excitation frequency can be at most equal to
67 GHz divided by three.
In this work, we propose an alternative approach which ac-
tually combines the capabilities of nonlinear measurement sys-
tems operating at different frequencies. This new approach is
described in Section II and relies on the concept of dynamic-bias
[17]. The main nonlinearities of the device under test (DUT)
are induced by means of large signals at low frequencies in the
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Fig. 2. Setup for combined LF and RF nonlinear measurements. (a) Block diagram. (b) Photograph.
megahertz range. Along with these low-frequency large signals,
a small tickle is applied at RF frequencies. As compared with
[17], we have thoroughly extended the theoretical aspects and
included many simulation and experimental results in order to
assess the validity of the proposed technique. We highlight that,
under dynamic-bias operation, one actually does not need to ac-
quire the harmonics of the RF frequency which can be then set
as high as the instrument highest value. In addition, another ad-
vantage of this approach consists of catching the main transistor
nonlinearities by means of a small set of experimental data, thus
reducing considerably the measurement time.
The technique that we propose is general and independent of
the device technology and operating condition. In this work, we
studied a 0.15- m GaAs pHEMT, designed for resistive mixer
applications. In principle, the proposed technique is suitable for
use with different analytical model formulations, including [3],
[18]–[24].
We used a model available in commercial computer-aided de-
sign (CAD) tools [3], which includes self-heating and break-
down. The formulation of the model in [3] is such that an esti-
mate of the main parameters describing the transistor currents
and charges can be extracted directly from a small-set of dc
and -parameter measurements and then used as initial values
for the optimization against measurements acquired under non-
linear dynamic operation. Moreover, the model in [3] is, by
structure, global, and one can target on obtaining a good fit in the
operating region of interest. In this work, we focused on resis-
tive mixer operation, and the DUTwas biased at 0 V. As
the final application was known, we aimed at obtaining a good
fit in the triode (linear) region, around the bias-point at
0 V, where self-heating effects or breakdown phenomena are not
significant.
In Section III, experimental results along with model extrac-
tion are reported. In Section IV, we compare model simulations
and experimental data acquired under resistive mixer operation.
Conclusions are drawn in the final section.
II. DYNAMIC-BIAS MEASUREMENTS
A. Dynamic-Bias Concept
The proposed approach is based on the concept of dy-
namic-bias [17]. Basically, the DUT is driven by large signals
at low frequency along with the dc voltages. The dc and the
low-frequency signals set the DUT large-signal operating point
(LSOP), which includes also the thermal and trapping state of
the DUT [7]. On top of the LSOP, a high-frequency tickle at
is applied, as shown in Fig. 2.
It is worth noticing that this situation is similar to a
small-signal measurement where the LSOP is represented by
the dc voltages and the tickle by the ac small signal. Here, the
LSOP, which encompasses low-frequency signals, is dynami-
cally varied, as a dynamic-bias, while the tickle is applied on
top of it. When only the LSOP is switched on, harmonics of
are generated in both the transistor currents and charges.
However, the conductive part of the currents ( and in
Fig. 1) can be straightforwardly measured at low frequencies,
whereas the displacement currents associated with the varia-
tions of the semiconductor charges ( and in Fig. 1) can
be hardly detected. Instead, when the tickle is switched on,
along with the LSOP, the fast variation of the charge induced
by the tickle itself around the dynamic LSOP can be detected.
Similarly, fast variations will be induced by the tickle in the
conductive currents and therefore one can also measure the
high-frequency part of it while the LSOP varies dynamically.
For explanatory purposes, in Fig. 3, we report the simulations
under dynamic-bias condition of a FET model available in a
commercial circuit simulator [18].
In Fig. 3(a)–(d), the black line represents the LSOP only. The
gray line represents the time-domain waveforms when the tickle
is switched on at the input port.
The drain–current time-domain waveform includes both the
LSOP and the RF component induced by the tickle. With re-
gard to the gate current, which is mainly capacitive, the com-
ponent induced by the tickle is much larger than that induced
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Fig. 3. Simulated response of a CAD available FET nonlinear model under dy-
namic-bias condition. (a) Gate–voltage time-domain waveform, (b) drain–cur-
rent time-domain waveform, and (c) gate–current time domain waveform along
with the low-frequency gate-voltage waveform. LSOP (black line) and
(gray line). (c) Envelope of the gate–current waveform is also shown
(dashed line). (d) Simulated gate capacitance of the chosen FETmodel is shown.
The gate-voltage in (c) sweeps instantaneously from pinch-off region (circle) to
open-channel condition (triangle) thus changing dynamically the value of the
capacitance which affects the displacement gate current (c). This figure is purely
illustrative.
by the LSOP. However, in the RF part of the gate current it is
clearly observed the effect of the dynamic-bias. The LSOP sinu-
soidal gate–voltage time-domainwaveform,which sweeps from
Fig. 4. Frequency spectra of the incident ( and ) and scattered ( and
) waves under dynamic-bias condition.
Fig. 5. Frequency spectra of the incident ( and ) and scattered ( and
) waves under RF two-tone measurements.
pinch-off to open channel [Fig. 3(a)], dynamically changes the
instantaneous value of the gate nonlinear capacitance [Fig. 3(d)]
and, as a result, it modulates the amplitude of the displacement
current induced by the capacitance itself. In Fig. 3(c), the enve-
lope of the gate–current waveform clearly reflects the nonlinear
capacitance behavior. In this example, we have considered the
nonlinear gate capacitance. Similar considerations could have
been drawn if we had considered a nonlinear resistor or a non-
linear conductive current source.
From the above discussion, a clear advantage of the proposed
approach emerges, namely the possibility to span over transistor
nonlinearity by means of a single measurement. As compared
to multibias dc measurements combined with multibias -pa-
rameters, the dynamic points covered by the LSOP of a single
measurement under dynamic-bias condition can be used instead
of measurements at several bias-points [25], [26]. By using dif-
ferent LSOPs, one can quickly obtain a full coverage of the
input–output voltage plane of interest for the selected applica-
tion. Additionally, for each LSOP, one can separate the non-
linear dynamic conductive currents, which are contained in the
measured LSOP time-domainwaveforms, and the nonlinear dis-
placement currents, which are contained in the RF part of the
measured time-domain waveforms. This greatly simplifies the
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Fig. 6. Simulated scattered waves of a CAD available nonlinear model under
dynamic-bias condition at: 1 V, 0 V, 1 MHz, and
40 GHz. Intermodulation products around , and of (a)
and (b) .
model extraction procedure, since one can split the optimiza-
tion of the model parameters describing the nonlinear resistive
and reactive phenomena.
In Section II-B, a more complete analysis of the dynamic-bias
is carried out in the frequency domain. We show that another
advantage of such a measurement consists of the ability to set
the value of the frequency of the RF tickle even if its harmonics
fall beyond the instrument bandwidth.
B. Frequency-Domain Analysis
In the previous section, the proposed approach has been dis-
cussed in terms of the dynamic-bias concept and, as a result, the
high-frequency current induced by the tickle is actually mod-
ulated by the LSOP. This implies in the frequency domain the
presence of intermodulation tones [27], [28]. Considering a non-
linear capacitor [27], [28] as follows:
(1)
the displacement current resulting from (1) is
(2)
Under dynamic-bias condition, the excitation v consists of the
dc voltage and ac components at and .
It is very straightforward to demonstrate [25], [26] that, in
periodic steady-state condition, the current as a result of (2)
contains frequency components at , at
, and .
Fig. 7. Simulated response of a CAD available nonlinear model under
dynamic-bias condition at: 1 V, 0 V, 1 MHz,
and 40 GHz. (a) LSOP time-domain waveform (dashed line) and the
time-domain waveform (grey line). (b) RF envelope recon-
structed from the intermodulation products around (continuous line) and
complete RF signal including response at harmonics (gray line).
The spectrum of the incident and scattered waves under
dynamic-bias condition is illustrated in Fig. 4. The fre-
quency components at dc and represent the LSOP. The
intermodulation products around and its harmonics repre-
sent the modulation induced when the tickle is switched on.
As such, the frequency spectra shown in Fig. 4 are not dif-
ferent than those obtained when performing a standard multi-
tone test [28] and shown in Fig. 5 in case of a two-tone mea-
surement. In a standard multi-tone measurement, the LSOP is
set directly by the modulated RF carrier frequency. In order to
correctly reconstruct the LSOP time-domain waveforms and use
them for model extraction, the harmonics of have to be ac-
quired but they may fall beyond the measurement system band-
width. With the proposed approach, instead, the LSOP is set by
signals applied at low frequencies and several harmonics can
be straightforwardly acquired [12]. In addition, if the power of
the tickle at is much lower than the power of the LSOP sig-
nals, the harmonics of the tickle can be neglected, along with the
intermodulation products around them, without impacting sig-
nificantly the reconstructed time-domainwaveforms. Obviously
this is an approximation which should be verified case by case
and depending on the operating condition of the DUT. There is
not a rigorous way to define how lower the tickle power level
should be as compared to the power of the LSOP signals.
In order to verify these assumptions, we performed harmonic-
balance simulations by applying large signals at at both
DUT ports and the tickle at only at the input port while the
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Fig. 8. Simulated RF two-tone response of a CAD available nonlinear model
at: 1 V, 0 V, 1 MHz, and 40 GHz. RF enve-
lope reconstructed from the intermodulation products around (continuous
line) and complete signal including response at harmonics (gray line).
TABLE I
LARGE-SIGNAL OPERATING POINTS
output port was terminated with a 50- load. 1 MHz and
40 GHz. The power of the LF signals was 3 dBm, and
the power of the tickle was 15 dBm. The device was biased
at 1 V and 0 V. This situation is very close
to our actual experiments and it represents a strongly nonlinear
operating condition. In Fig. 6, the simulated input and output
scattered waves and are reported at with
and . As it can be observed and
for the operating condition set up for the simulation, the inter-
modulation tones around the second and third harmonic of the
tickle are much lower than those around . In Fig. 7 we re-
port the simulated time-domain waveforms reconstructed with
and without the harmonics of .
In Fig. 7(a), we report the full time-domain waveform, in-
cluding the LSOP. In Fig. 7(b), the RF current induced by the
tickle (gray line) is plotted without the LSOP contribution and
including all the intermodulation products at and its har-
monics. In the same figure, we show also the envelope of the
time-domain waveform obtained by considering only the inter-
modulation product around . We did the same for simulated
time-domain waveforms obtained with a two-tone excitation, as
shown in Fig. 8.
From Fig. 7(b), it emerges that the approximated envelope
reconstructed by using only the spectral components around
can reproduce well the envelope of the full signal and that the
errors introduced by neglecting the harmonics of are not
significant. This implies that, as long as the power of the tickle
is sufficiently low, the value of can be set as high as the
instrument bandwidth.
The situation is different for the two-tone simulation. In this
case, the envelope (black line) obtained from only the intermod-
Fig. 9. Measured time-domain trajectories corresponding to the LSOPs
in Table I. (a) DC measurements (dots) and measured load lines (lines).
(b) Input–output voltage trajectories. The dot represents the bias point. The
gray line is the LSOP of the measured spectra around reported in Fig. 10.
Fig. 10. Measured spectra of the input and output scattered waves around
40 GHz and corresponding to the LSOP highlighted in Fig. 9.
1V, 0 V, and 1 MHz.
ulation products around differs from the envelope of the
full signal, meaning that the harmonics of cannot be ne-
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TABLE II
MODEL PARAMETERS
glected this time to properly reconstruct the time-domain wave-
form. This clearly poses a limit to the highest value of as its
harmonics must be within the instrument bandwidth.
In Section III, we apply dynamic-biasmeasurements to a tran-
sistor designed for resistive-mixer operation. The acquired mea-
surements are then used for the extraction of a nonlinear model
whose equations are available in the circuit simulator [18].
III. EXPERIMENTAL RESULTS AND MODEL EXTRACTION
A. Measurements
We performed dynamic-bias measurements on a
0.15 300 m GaAs pHEMT. Experimental data were
acquired with a 50-GHz LSNA extended at low frequencies
[13] and with eight vector-calibrated acquisition channels (see
Fig. 2). Four channels were used to acquire the LSOPs, and the
other four channels were used to acquire the intermodulation
tones around , which was set equal to 40 GHz. The power
of the tickle, applied only at the input port, was set equal
to 15 dBm. The device was biased at 1 V and
0 V. In Table I, the phasors of the incident waves used
to set the acquired LSOPs are reported. The LSOPs in Table I
correspond to the measured dynamic trajectories shown in
Fig. 9. Clearly, as a result of few measurements (seven in total
in this case), one can straightforwardly cover a wide range of
input and output voltages, thus exciting the DUT nonlinearities
in all the operating regions of interest, including instantaneous
negative values of the drain–source voltage. Differently from
applying LSOPs at higher frequencies, at low frequencies one
can get the transistor conductive currents directly from the
one induced at the LSOPs as these are not mixed with the
displacement currents. If the frequency of the LSOPs is higher
than the cut-off frequency of dispersive phenomena linked
to the presence of traps in the semiconductor materials, it is
reasonable to assume that the conductive current is frequency
independent. Although this assumption depends on the DUT
technology, experimental results reported in literature [7],
[12] suggest that it is valid for III–V semiconductors in the
megahertz range. Also, separating the conductive currents
from the displacement ones is advantageous within the model
extraction phase.
For each LSOP in Table I, a tickle at was applied at the
input port. As a result, intermodulation tones are induced around
, and they are acquired synchronously with the LSOPs fre-
quency spectra by an eight-channel LSNA. In Fig. 10, we report
the measured intermodulation tones corresponding to the LSOP
highlighted with gray thick line in Fig. 9.
The LF and RF spectra corresponding to the LSOPs in
Table I are used to optimize the model parameters as de-
scribed in Section II-B. In this work, we use the Chalmers
model formulation [3], [18] whose parameters describing the
conductive currents can be directly linked to the shape of the
current time-domain waveform or to its spectral components
and therefore their value can be adjusted accordingly.
B. Model Extraction
The parameters of the model [3] are obtained by numerical
optimization against the measurements shown in the previous
section. Before running numerical optimization, we estimated
the initial values of the parameters of the FET model as follows
[28]–[30] (see the Appendix):
1) estimation of the initial values of the parasitic elements
( , and );
2) estimation of the initial values of the parameters of the
resistive gate current;
3) estimation of the initial values of the main parameters of
the resistive drain current ;
4) estimation of the initial values of the main parameters of
the capacitance model.
To accomplish 1) and 4), we performed a few multibias -pa-
rameter measurements. Specifically, for the initial estimation of
the parasitic element values, we used -parameters measured at
0 V [26], [31]. For the initial values of the capacitances,
we used the imaginary part of the -parameters obtained from
measured -parameters at 0 V and few values from
pinch-off to open channel in order to obtain directly from mea-
sured data the initial values for
, and .
With regard to the parameters of the current and , ini-
tial values were obtained from dc measurements performed by
sweeping at 0 V, 0.2 V, and .
In this way, one can obtain the model parameters , and
and the main model parameters: , and
. In some cases, good initial estimates of some of the param-
eters may be inferred from data provided by the foundry.
Next, we performed numerical optimization. We defined the
optimization goals as the difference, at each point of the full fre-
quency grid of the measurements, between the real and imagi-
nary parts of the measured and simulated input and output scat-
tered waves. First, we ran optimization with a random-based
search algorithm. We refined the parameters values by running
a gradient-based algorithm.
The parameter vector of the equation describing the conduc-
tive drain current ( in Fig. 1) was optimized against the low-
frequency part of the spectra of the measurements in Table I.
The parameters of the capacitive part of the model ( and
in Fig. 1) and the linear parasitic elements (
, and in Fig. 1) were optimized against the measured
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Fig. 11. Measurements (symbols) and simulations of the extracted model
(lines) at 1 V, 0 V, 1 MHz, and 40 GHz.
(a) Dynamic transcharacteristics, (b) dynamic load lines, (c) B1 at and
, and (d) B2 at and .
intermodulation tones appearing in the spectra of the measure-
ments in Table I. The values of the model parameters obtained
after optimization are reported in Table II. The measured and
simulated LSOPs are reported in Fig. 11(a) and (b). The mea-
sured and simulated intermodulation tones around for each
LSOP are illustrated in Fig. 11(c) and (d), and, in both cases, the
agreement is good.
In Fig. 12, we report the comparison between experimental
data and model simulations performed by sweeping the input
Fig. 12. Measurements (symbols) and simulations of the extracted model
(lines) at 1 V, 0 V, 40 GHz, and swept input power.
Fig. 13. Block diagram of the model extraction procedure.
power at 40 GHz. The good agreement at low power levels con-
firms that the model yields good prediction capability also under
small-signal operation.
The block diagram of the extraction procedure is shown in
Fig. 13.
IV. RESISTIVE COLD-FET MIXER MEASUREMENTS
Measurements to validate the model have been performed
with an LSNA [32]. The device was biased for resistive-mixer
operation [33], and signals were injected at the input and output
port in order to mimic the mixer-like behavior. A large-signal
was applied at the input port, acting as the local oscillator (LO),
at frequencies between 31.25 GHz and 40 GHz. A small-
signal was applied at the output port at GHz. The
power of the LO signal was equal to 9.7 dBm and the power of
the IF signal was equal to 13.5 dBm.
In Fig. 14, we report the magnitude of the waves and
acquired by the LSNA at and as function of
the LO frequency. In Fig. 15, a snapshot of the measured and
simulated drain current and voltage time-domain waveforms at
35 GHz is reported. The power of the input signal at
is equal to 9.7 dBm and the power of the input signal at is
equal to 13.5 dBm. Finally, we show the comparison between
the measurements and simulations of the upper conversion gain
as the ratio between the power at and the power at .
Results are shown in Fig. 16 at different power levels of the LO
signal and three values of the output impedance at ,
which was varied with a manual tuner. The obtained agreement
between the simulated andmeasured conversion gain is good. In
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Fig. 14. Measurements (gray symbols) and simulations (line) of the extracted
model at 1 V, 0 V, and 2.5 GHz as function of the
LO frequency.
the inset of Fig. 17, the good agreement between measurements
and simulation is highlighted for the highest values of power.
V. CONCLUSION
We extracted the nonlinear model of a transistor for resistive
mixer operation. The extraction is performed starting frommea-
surements performed under dynamic-bias condition. This ap-
proach is advantageous as compared to standard multibias dc
and -parameter measurements in terms of amount of experi-
mental data to collect and measurement time.
The DUT is driven into the nonlinear regime by signals ap-
plied at low frequencies while a small-signal is applied at RF
frequencies. As compared with standard RF nonlinear measure-
ments, the main nonlinearities of the tested devices are driven
by low-frequency signals, thus overcoming the limitation of
today’s RF measurement systems bandwidth. In addition, as a
result of dynamic-bias measurements, one can separate the non-
linear dynamic conductive currents from the nonlinear displace-
ment currents induced by the RF tickle. This represents a clear
advantage within the model extraction phase.
APPENDIX
EXTRACTION OF INITIAL VALUES OF MODEL PARAMETERS
Here, we describe the steps to obtain initial values of some
model parameters. More details on the complete extraction pro-
cedure can be found in [30].
Fig. 15. Snapshot of the measured (symbols) and simulated (line) time-domain
waveforms considering the spectral components around : (a) gate voltage,
(b) gate current, (c) drain voltage, and (d) drain current at 35 GHz,
2.5 GHz, 9.7 dBm, 13.5 dBm, 1 V, and
0 V.
The first step consists of determining the parasitic elements.
In this work and for the considered DUT, we used well-known
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Fig. 16. Measured (symbols) and simulated (lines) conversion gain as function
of the LO power at: 35 GHz, GHz, 13.5 dBm,
1 V, 0 V, and equal to (crosses),
(triangles), and (circles).
Fig. 17. Measured dc at 0 V.
existing techniques [26], [31]. In the following, we explain how
to extract the initial values for the resistive currents and the
charge or capacitance model.
A. Model
The equation for the current is [18]
(3)
Initial values of , and can be obtained from mea-
sured dc at 0 V, as shown in Fig. 17.
is the Schottky junction built-in voltage and is a pa-
rameter from which the junction ideality factor is computed.
From (3), at . Also, the derivative of (3)
as a function of is equal to when .
From the numerical derivative of the data in Fig. 17, can
be calculated. In many cases, the default value of set in the
circuit simulator can be used.
B. Capacitance Model
The equations of the capacitances model ( and ), at
0V, are the following [18]:
(4)
Fig. 18. derived from multibias -parameter measurements (dots) and its
derivative versus (line). V.
(5)
For the initial estimation, we set . , and
as functions of can be obtained from the measured
multibias -parameters, after de-embedding the parasitic ele-
ments. As widely known
(6)
where and is the frequency.
From the data plotted in Fig. 18, one can obtain directly the
value of . Also, at high values of , we have
(7)
from which can be calculated. In the same figure we report
the derivative of the versus . From (4) and assuming
, the peak occurs when
(8)
(9)
from which and can be calculated. Same calculations
can be done for the parameters in (5). Note that for a device with
symmetric geometry with respect to the gate contact,
and .
C. Model
The equation of the current is [18]
(10)
with
(11)
For , we used the default values which are set in the CAD
simulator. Otherwise, the extraction can be performed as ex-
plained in [30]. Initial values of , and can be
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Fig. 19. Measured dc and transconductance at
(squares) and measured transconductance at 0.2 V (circles).
directly calculated from dc – measurements in saturation re-
gion . can be derived from the slope of the dc
in saturation region and, although its effect is negli-
gible in linear region, it is needed to calculate the initial value of
. The latter can be derived from the measured dc
at and the transconductance, as shown in Fig. 19.
In saturation, at , we have
(12)
(13)
from which can be calculated.
At also and can be calculated from
the second and third order derivative of the measured current.
Practically, it is sufficient, for initial estimation, to calculate
and then set and equal to 0 and then optimize them.
In Fig. 19 we show also the measured transconductance at
V (linear region) from which can be ob-
tained and used to calculate the shift with respect to
.
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